Abstract-On the way to develop a complete full-band quantum transport simulation using the Pauli Master Equation, we show our present results on 1D n-i-n resistors, 1D double barrier resonant tunneling diodes (DBRTD), and 2D double-gate field effect transistors (DGFETs) using a simplified parabolic, spherical effective-mass band-structure model accounting for nonpolar scattering with acoustic (elastic) and optical (inelastic) silicon-like phonons. We also consider the effect of point-like dopants on the access resistance of thin-body double gate devices.
I. INTRODUCTION
As CMOS technology enters into nanoscale, quantum effects become dominant. Traditional device simulation based on the semiclassical Boltzmann Transport Equation (BTE) can not treat correctly the electrostatic properties of the devices and quantum mechanical effects must be included. As soon as this is done, a semiclassical treatment to charge transport does not suffice and a quantum-transport formalism must be employed. Compared with the widely used Non-Equilibrium Greens Function (NEGF) method, the Pauli Master Equation (PME) [1] [2] promises a smaller computational cost when accounting for weak inelastic scattering processes. The purpose of this paper is to present the ability of the PME in handling dissipative quantum simulations. We briefly explain the theory and its numerical implementation in Sec. II. 1D Simulation results for n-i-n resistors and double barrier resonant tunneling diodes (DBRTD) are shown in Sec. III. In Sec. IV we present 2D results on non phase-breaking interactions and electronphonon processes in assessing the quantum access resistance of thin-body double-gate field effect transistors (DGFETs), extending previous work by Laux [3] . Conclusion are drawn in Sec. V.
II. THEORY AND NUMERICAL IMPLEMENTATION
When the active region of a device is smaller than the dephasing length of the electrons, off-diagonal elements of the density matrix can be ignored [4] . Following the standing wave decomposition method [1] [2] [3] , scattering states are used as basis states on which the density matrix is represented in the presence of weak scattering. For an open system the PME can be written as:
where u and v are indices labeling scattering states. The first and second terms on the right hand side can be considered respectively as master and contact operators acting on the density matrix. The transition rate W uv from v to u can be evaluated using Fermi golden rule:
where H int is the interaction Hamiltonian, E u and E v are the total energy for an electrons in states u and v, while ω q is either the phonon frequency or zero if the scattering process is elastic. The PME can be solved employing a Monte Carlo (MC) algorithm in a way very similar to the case of the BTE, since the hard-to-treat collisional terms are left unchanged, the only difference being that in the PME the field driving term disappears thanks to its diagonalization in the scatteringstate representation. The non-equilibrium electrostatics is obtained by solving the PME coupled with Schrödinger, Poisson and current continuity equations at the contacts until selfconsistency is reached [1] .
III. 1D SIMULATION RESULTS AND DISCUSSIONS

A. n-i-n
We present here a few examples, starting with a highly doped (10 20 cm −3 ) 1D n-i-n resistor, each region (n and i) 15nm long. Figure 1 shows that phonon scattering depresses the current by as much as 60% at high bias. In Fig. 2 we show the broadening of the spectrally resolved electron density due to the loss of coherence in the presence of scattering.
B. DBRTD
The second 1D structure we have studied is a Si DBRTD with the following dimensions: 10.0(n)-0.5(SiO 2 )-2.0(i)-0.5(SiO 2 )-10.0(n) (nm). The I-V characteristics including bistability and scattering are shown in Fig. 3 . Since scattering breaks the coherence necessary to induce the resonance, its effect on the current is dramatic. It is also obvious that bistability in the scattering limit is reduced. Comparing the energy spectra at the points labeled (e) and (f) in Fig. 4 , we can see that electrons in the higher resonant state scattered into lower resonant state. Scattering states below potential energy in the cathode are due to the evanescent waves introduced 978-1-4244-3927-0/09/$25.00 ©2009 IEEE in the ballistic case, a numerical device required in order to obtain a flat potential band, as discussed by Frensley [5] .
IV. 2D SIMULATION RESULTS AND DISCUSSIONS
Moving to two-dimensional simulations, we have considered the straight, taper and dog bone 2D DGFETs studied by Laux [3] in order to emphasize the geometry-induced quantum access resistance. The ballistic self-consistent electron density for each geometry is shown in Fig. 5 at V GS = 0.3V , V DS = 0.5V . The ballistic I DS -V DS characteristics, shown in the following figures in the ballistic and dissipative cases, indicate that straight access geometry yields the highest current, followed by the taper and dog-bone designs, which exhibits the lowest current, in agreement with Laux' results [3] . 
A. Ionized Dopants
The results of the previous section show that the quantum access resistance is dominated by geometric effects. In order to see whether or not this results remains valid in more realistic devices, we have introduced point-like charges in the source and drain regions of the devices, following the work by Gilbert and Ferry [7] . In our 2D simulations, these scatterers consist of line charges with linear density (∼ e/L T F , where L T F is the Thomas-Fermi screening length) and areal density required to mimic the effect of the ionized dopants. These centers constitute non-phase-breaking scatterers, decoherence and dissipation emerging only after performing an average over their configurations [6] . The self-consistent algorithm we employ here also accounts automatically for the dielectric screening of their potential. Thus, we have placed ten such scatterers in the devices, five each in the the source and drain regions, while leaving the channel undoped. Figure 6 shows the self-consistent conduction band profile for the straight, dog bone and taper access geometris at equilibrium. The 'spikes' visible in the conduction band correspond to the scattering potentials. Dielectric screening is clearly visible as the 'piling up' of the electron charge around these scattering centers.
Having calculated the current-voltage characteristics for one configuration of our pseudo-dopants, we have repeated the process for 4 different random configurations and have averaged the current to obtain the I DS -V DS characteristics shown in Fig. 7 . We can see that at this scale, fluctuation of current (color dots) under different spatial dopant configurations dopants is large, the average current of the three devices clearly shows that the influence of pure geometrical effects are greatly reduced in the presence of ionized impurity scattering. Of intetest is also the observation that for some configurations the current in the presence of dopants can exceed the ballistic current. This is due to the existence of resonant states in the screening potential well. This has been discussed by Gilbert [7] , who showed that discrete dopants modify the potential profile so drastically that resonant levels may induce 'spikes' in the current-voltage characteristics.
B. Phonon Scattering
Finally we have applied the PME framework to the study of transport in the presence of optical and acoustic phonon scattering in 2D. The results, illustrated by the I DS -V DS characteristics in Fig. 8 , show that, similarly to what found in the ballistic case, the straight geometry yields the largest current, the dog-bone geometry the smallest. However, both the magnitude of the current as well as the difference caused by the various geometries are greatly reduced. This is due to the fact that scattering processes destroy the electron coherence and so reduce -but do not eliminate it altogetherthe effects caused by the access geometry. In conclusion, the access geometry is still found to play a role in mesoscopic device design, although scattering (both phase-breaking and non-phase-breaking) reduces its importance.
V. CONCLUSION
We have studied dissipative quantum transport in 1D by solving the Pauli Master Equation in a simple isotropic effective-mass approximation self-consistently with Poisson equation. We have found that, not surprisingly, phonon scattering reduces current of n-i-n resistors by as much as 60%. Also, because of the loss of the coherence required to build up the resonance, the current of a double-barrier RTD is greatly reduced and the bistability is less obvious in the presence of scattering. We have also evaluated the effect of ionized dopants and phonon scattering on the access resistance of thin body DGFETs of various access geometries using 2D simulations. Our results show that 1. ionized dopants in the source (and drain) regions cause large 'fluctuations' of the current but their configuration-average tends to reduce the role played by geometrical effects; 2. phase-breaking phonon scattering also reduces the geometrical effects to some extent, albeit not completely.
